[1] High-resolution multibeam bathymetry is used to analyze the morphotectonic fabric of a 35,000-km 2 zone of the Mid-Atlantic Ridge crest between 28°and 29°N. Interpolated isochrons at 1 Myr intervals derived from a kinematic reconstruction provide a temporal framework for the structural analysis. The axial valley within the survey area is offset by three non-transform discontinuities dividing the axis into en echelon segments. The flanks display a predominantly ridge-parallel fabric of elongate abyssal hills crosscut by several discordant zones. Throughout the zone faulting is the predominant factor in generating the morphotectonic fabric. Analysis of fault scarp distribution places the limit of active tectonic deformation between 2 and 3 Ma (25 to 35 km on either side of the spreading axis). Fault scarp relief on the ridge flanks varies with a period of approximately 2 Myr which corresponds to the wavelength of abyssal hills within the area. We propose an interpretation in which abyssal hill formation occurs periodically ($2 Myr) within the ridge mountains as the lithosphere transitions from the dynamic supported regime near the axis to the isostatic regime of the flanks at $2-3 Ma ($25-35 km from the axis).
Introduction
[2] This study investigates generation of the morphotectonic fabric of the Mid-Atlantic Ridge (MAR) crest, 28°-29°N, through examination of detailed bathymetric data collected in the course of the SARA survey in 1990 (Figure 1 ) [Patriat et al., 1990] . Emphasis is placed on interpretation and analysis of faulting in order to establish the spatial and temporal extent and characteristic of active tectonic deformation of the oceanic lithosphere within the survey area. Full data coverage to an age of 10 Ma allows a complete perspective of the three-dimensional process of morphotectonic fabric formation. The detailed kinematic reconstruction of the area by Sloan and Patriat [1992] provides a temporal and kinematic framework for the morphotectonic analysis.
[3] Consideration of factors such as axial valley depth, axial segmentation and its evolution, alongsegment variation of crustal thickness and density, along-segment variation of faulting, and relative contributions of magmatic and tectonic activity have played significant roles in various models for generation of morphotectonic fabric of the ridge flanks. Although early investigations tended to take a twodimensional view of relief on the flanks, extension of off-axis sonar coverage has prompted acceptance of the three dimensional variation of ridge flank morphotectonic fabric [Sloan, 1993; Goff et al., 1995; Wolfe et al., 1995; Tucholke et al., 1997; Searle et al., 1998; Gràcia et al., 1999; Hooft et al., 2000] . Different schools of thought exist concerning the source of axial valley topography and generation of morphotectonic fabric at slow spreading ridges such as the MAR. Most proposed models for formation of morphotectonic fabric are characterized by either episodic and/or alternating tectonic and magmatic activity [e.g., Lewis, 1979; Malinverno, 1990; Kong et al., 1992; Tucholke et al., 1997; Maia and Gente, 1998 ] or response to various steady state thermal and extensional stresses in a plate with a range of rheological and mechanical characteristics [e.g., Phipps Morgan et al., 1987; Blackman and Forsyth, 1991; Neumann and Forsyth, 1993; Tucholke et al., 1997] .
[4] A dynamically maintained, steady state axial valley and ridge mountains have been suggested by Figure 1 . Location map and shaded relief bathymetry map of the SARA study area generated from gridded SeaBeam data illuminated from the west. The bold black line marks the axis, Segments AK3, AK4, and AK5 are labeled, and dashed white lines mark discordant zones traced along the bottoms of the scarps that form the high inside corners. several investigators [e.g., Phipps Morgan et al., 1987; Blackman and Forsyth, 1991; Neumann and Forsyth, 1993] . Others have suggested that the axial valley may not always be present, but appears and disappears as episodes of magmatic activity alternate with tectonic episodes that recreate the axial valley and form abyssal hills by splitting the accumulated axial volcanics [e.g., Mendel et al., 2003] . Weissel and Karner [1989] suggested that uplift of the ridge flanks is due to flexural isostatic rebound following mechanical unloading of the lithosphere during extension. The relationship between axial valley depth and amplitude of relief of the morphotectonic fabric on the flanks has become generally accepted. Axial valley depth has also been related to spreading rate and thermal regime. In turn, a negative correlation has been drawn between spreading rate and abyssal hill relief in early surveys and underscored in the study carried out by Neumann and Forsyth [1995] . Continuous extension that maintains the axial valley topography combined with magmatic-amagmatic cycles with periodicities ranging from 2 Myr [Tucholke and Lin, 1994 ] to 3-7 Myr ] has also been suggested for the MAR.
[5] Several investigators proposed that faulting at the axial valley walls plays an important role in the generation of abyssal hill relief on the flanks [e.g., Macdonald and Luyendyk, 1977; Searle and Laughton, 1977; Tapponnier and Francheteau, 1978; Macdonald and Atwater, 1978; Karson and Rona, 1990; Tucholke and Lin, 1994] . It may be observed, however, that relief of the walls is generally greater than that of the abyssal hills. Recent seismological studies indicate that the valley walls are more tectonically active than the valley floor [e.g., Toomey et al., 1988; Karson and Mutter, 1992; Kong et al., 1992; Smith et al., 2003] . Abyssal hill formation has also been viewed as volcanic construction resulting from cyclic magmatic activity [e.g., Pockalny et al., 1988; Kong et al., 1988] . The mechanisms proposed for reduction of axial valley topography and generation of abyssal hills include inward facing normal faulting accompanied by block rotation [Macdonald and Atwater, 1978] ; inward facing normal faulting followed by reverse faulting along the same slip planes [Macdonald and Luyendyk, 1977] ; and inward facing normal faulting followed by outward facing normal faulting resulting from flexural uplift and necking of the newly formed oceanic lithosphere [Tapponnier and Francheteau, 1978] . Tucholke and Lin [1994] proposed an asymmetric serpentinized detachment surface at outside corners in which faults form abyssal hills at intervals at some distance from the axis.
[6] Since faulting is believed to play a major role in the generation of relief on the ridge flanks (e.g., Sloan [1993] , Jaroslow [1996] , Tucholke et al. [1997] , and others), the extent of the zone of active tectonic deformation as indicated by facing direction and distribution of faults becomes significant to understanding the morphotectonic fabric. Several investigators have remarked on increasing fault density beyond of the axial valley [e.g., Macdonald and Luyendyk, 1977; Sloan, 1993; Sauter et al., 1996; Jaroslow, 1996] . Almost all faults mapped on the floor and walls of the axial valley face toward the spreading axis (inward). Many of the faults mapped beyond the axial valley walls by Macdonald and Luyendyk [1977] in the FAMOUS area face away from the axis (outward). They interpreted this as an indication that active normal faulting occurs in the ridge mountains at least to an age of 1.5 Ma and provide further evidence in the form of teleseismically located earthquakes in the ridge mountains. Wolfe et al. [1995] confirmed the occurrence of multiple tectonic microearthquakes in the ridge mountains of the SARA area $15-35 km from the spreading axis, principally at inside corner highs. Smith et al. [2003] , based upon a two-year study monitoring seismic activity of the MAR from 15°to 34°N, estimated that active tectonic deformation extends $20 km from the axis. Sauter et al. [1996] interpreted abyssal hills bound by inward and outward facing faults in crust aged $1.5 Ma on the flanks of the Central Indian Ridge as indicative of active tectonic deformation up to 20-40 km off-axis. Jaroslow [1996] found up to 40% of faults on the slow-spreading ridge flanks are outward facing. Searle et al. [1998] concluded that faults continue to grow for approximately 1.2 Ma or about 15 km from the spreading axis (the extent of their data coverage) but they remain uncertain as to the full spatial extent of tectonic deformation and report only rare outward facing faults. Escartín et al., [1999] estimate the extent of active deformation to be 20-40 km from the axis based upon a study of fault populations and morphology.
[7] Segmentation of the mid-ocean ridge by nontransform discontinuities appears to contribute to the complexity of the morphotectonic fabric. Variation of lithospheric thermal structure and thickness along segments controls rheology and plays an important role in determining variation in fault style along a segment [Shaw and Lin, 1996] . The thicker, stronger lithosphere near the segment end tends to deform by larger throw more widely spaced faults than are found at segment centers [Shaw and Lin, 1993] . The contrast between inside and outside corner topography is found to be a major contributor to abyssal hill morphology and character [e.g., Blackman and Forsyth, 1991; Sloan, 1993; Tucholke and Lin, 1994; Escartín and Lin, 1995; Tucholke et al., 1997; Searle et al., 1998 ]. Overlain upon the effect of each of these factors is temporal evolution of axial segmentation. As discontinuities migrate along the axis, a given segment may lengthen, shorten, or change position [Sloan and Patriat, 1992] . Abyssal hill topography generated at such a segment will reflect changes in segment length and position [e.g., Sloan, 1993; Escartín and Lin, 1995; Goff et al., 1995; Tucholke et al., 1997; Maia and Gente, 1998 ].
[8] In summary, many contradictions concerning the generation of the morphology of the seafloor persist particularly, abyssal hill formation. Some, but not all, of these contradiction may be explained by the limited coverage of many survey that extend to ages of only a few million years. Several models for generation of the morphotectonic fabric of the flanks call for a dynamically maintained, steady state axial valley coupled with various mechanisms for abyssal hill formation outside the confines of the axial valley. Other models propose cyclic magmatic activity that fills or inflates the axial valley followed by tectonic events that recreate the axial valley and form abyssal hills. Examining the development of morphotectonic fabric within a temporal framework provides insight as to whether the axial valley within the study area is a steady state feature and mechanism by which abyssal hills form. Comparison with observations of areas in the region that present contrasting morphology allow consideration of whether there may be variation along axis from steady state to cyclic tectono-magmatic cyclicity or varying intensity of magmatism superimposed upon steady state extension. The majority of studies find that faulting is the major contributor to morphotectonic fabric of the ridge flanks. In addition, alongsegment variation of crustal thickness, faulting style, extent of tectonic deformation, and insideoutside corner topography are all features of axial segmentation that have been suggested as factors affecting the morphotectonic fabric. Although most investigators agree that faulting continues up to 10s of kilometers from the spreading axis, findings vary substantially on the approximate extent of active tectonic deformation and the relative frequency of inward and outward facing faults. Characterization and analysis of fault scarps on the flanks within a temporal framework will help to determine how they contribute to the relief of the flanks. Identification of the extent of active tectonic deformation will lead to better understanding of the evolution of young oceanic lithosphere and abyssal hill formation.
Plate Tectonic Setting
[9] Between the Azores Triple Junction and approximately 15°N, the Mid-Atlantic Ridge marks the location of the divergent boundary between the North American and African Plates. The 750 km long super-segment between the Kane and Atlantis Fracture Zones is one of the longest sections of the Mid-Atlantic Ridge without transform offsets. The transform faults that bound the super-segment have opposing sense of offset: the Kane sinestral and the Atlantis dextral. Fifteen right stepping second-order non-transform axial discontinuities offset the axial valley into a series of en echelon spreading segments Sempéré et al., 1993] . Each of these segments exhibits to varying degrees circular Mantle Bouguer Gravity anomaly lows termed ''bull's eyes'', centered at or near the seg-ment midpoint [Lin et al., 1990; Rommevaux et al., 1994; Thibaud et al., 1998 ]. The deep axial valley typical of slow-spreading ridges is present along the entire super-segment. The axial depth profile of the super-segment exhibits short (10s km) wavelength depth variations corresponding to second order segmentation which is superimposed on the medium (100s km) wavelength depth variation of the supersegment itself. The long wavelength regional depth variation is reflected in the gradual deepening with distance from the Azores hot spot.
[10] The study area encompasses two complete spreading segments, part of two others, and three non-transform offsets. The trend of the spreading axis, identified by the characteristic axial anomaly on stacked magnetic anomaly profiles, trends N011°E [Sloan and Patriat, 1992] while the trend of the ridge crest is N035°E. Abyssal hills and discordant zones typify the morphotectonic fabric of the flank within the study area. Opposing plates are presently spreading at the full rate of 26 mm/yr in a direction N101°E, 24°oblique to the ridge perpendicular direction [Sloan and Patriat, 1992] . The plate tectonic reconstruction for the last 10 Ma carried out by Sloan and Patriat [1992] , revealed a change in relative plate motion occurred at approximately anomaly 4 time ($7.01 Ma) involving a transition phase which lasted approximately 3 Ma. The net kinematic result of the transition was a reduction in spreading rate from $30 to $25 mm/yr and a shift in spreading direction from N093°E to N101°E. Coincident with this change in relative plate motion was the initiation of a new spreading segment near the center of the study area. The segment directly to the north of the new segment has diminished significantly in length during the last 7 Ma.
Methodology
[11] SARA, the first high-resolution survey to specifically target the flanks of the Mid-Atlantic Ridge, was designed to complement a survey of the ridge crest between the Kane and Atlantis Fracture Zones Sempéré et al., 1993] , by extending coverage of bathymetric, magnetic, gravimetric, and seismic data to an age of 10 Ma between 28°and 29°N. Ship tracks were spaced less than 2 km apart to obtain complete SeaBeam swath mapping coverage. This dense track line spacing also resulted in exceptionally high-resolution magnetic and gravity surveys. The combined surveys cover an area of approximately 35,000 km 2 ( Figure 1 ). The surface mapped is the expression of 10 Ma of continuous evolution of seafloor morphology.
[12] The hull-mounted multibeam bathymetry swath-mapping tool, SeaBeam, employed in this survey, covers a band of seafloor whose width is 2/3 the water depth [Renard and Allenou, 1979; Tyce, 1986] . The bathymetry data underwent an initial smoothing and was merged with the navigation by the onboard Genavir technical support team. Gridding of the data was accomplished with the marine geophysical data treatment package developed by Peter Slootweg. The grid was calculated employing a filter cut-off wavelength of 2700 m. The Generic Mapping Tool software package [Weissel and Smith, 1993] was used for contouring and plotting maps and other figures.
[13] The nature of multibeam data lends itself to quantitative structural analysis of the seafloor. Use of multibeam data for characterization of tectonic and structural features such as pseudo-faults, normal faults, strike-slip faults [e.g., Dziak et al., 2001] , and flexure of the lithosphere [e.g., Blackman and Forsyth, 1991] is widely accepted. Although the vertical resolution of SeaBeam data is estimated by Renard and Allenou [1979] to be $20 m and $10 m by Allerton et al. [1995] , Cowie et al. [1993] report spatial resolution of $100 m for sea surface multibeam sonar bathymetry data and suggest that faults with lengths <2 km and heights of <200 m cannot be properly characterized using this data type. With these constraints in mind, we have chosen to include in our analysis scarps with lengths 5 km or greater and heights of 100 m or more. We admit scarps of 100 m to 200 m height if they are longer than 5 km and meet our primary criteria of linearity and asymmetric contour density as stated below.
[14] Our primary criteria for scarp identification are dense grouping of linear to sub-linear and/or sigmoid contours and asymmetric distribution of contours around a bathymetric high (Figure 2 ). Dense grouping of contours is indicative of a significant change in slope of the terrain characteristic of faulting, volcanic constructions, or erosion. The occurrence of asymmetric distribution of contours on either side of a high indicates that the slope on one side is significantly steeper than on the other. Bathymetric highs that display symmetric distributions of contours are interpreted as volcanic constructions. For bathymetric highs that display asymmetric distributions of contours, the steeper side is interpreted as a fault scarp if the densely grouped contours are !5 km in length and linear to sub linear and/or sigmoid. The more gently sloping side of an asymmetric high may be interpreted as consistent with a back-tilted block or fault-associated flexure of the lithosphere. Subaerial and submarine fault scarps typically display linear or sigmoid configurations [e.g., Audin, 1999; Managhetti, 1993] . We do not use slope angle as a criterion because slopes as gentle as 20°to 30°m apped by multibeam sonar have proven to be made up of several steeply dipping (60°to 90°) faults when subjected to direct observations from submersibles [Karson and Rona, 1990] and interpretations of side-scan in combination with multibeam sonar data [e.g., Allerton et al., 1995; Searle et al., 1998; Briais et al., 2000] . Over the majority of the study area, multibeam data is the only data type available. Scarps identified in this study are assumed to have been generated by faulting if they meet the specified criteria.
[15] In spite of these limitations, multibeam data are suitable for determination of scarp height. Mass wasting and erosion at the top of a scarp, or scarp retreat, may reduce its apparent height while increasing its apparent heave or horizontal slip component (Figure 3 ). Apparent height may be further reduced by accumulation of sediment at the base of the scarp. For the purpose of measuring fault scarp height the top of the scarp is determined by an increase of contour density indicating a significant increase in slope (Figure 4a ). The base of the scarp is determined by decreased contour density indicating flattening of the slope. The maximum value between scarp top and bottom is taken as the fault scarp height ( Figure 4b ). Because this method cannot account for significant reduction of scarp height due to erosion and sedimentation, measured scarp heights are taken to be conservative estimates.
[16] Scarp length is measured parallel or sub-parallel to the scarp trend ( Figure 4a ). Fault scarp termini are identified by reduction of scarp height to less than 100 m and/or the extent of contour linearity. Scarps composed of more than one fault strand, but that share termini, are treated as single scarp with a single scarp height measurement ( Figure 5a ). In such cases, the height is taken as the sum of the heights of the strands at the point of greatest relief and the length is that of the longest strand. For fault scarps with branching termini where individual branches have heights of less than 100 m, the length of the longest branch is included in the scarp length measurement and the minor branches are ignored. Major fault scarp branches that have significant heights (>100 m) and lengths (>5 km) are treated as separate faults ( Figure 5b ). [17] Fault scarp height and length combine to produce the morphotectonic relief of the ridge flanks. In order to determine how this relief varies through time, we have calculated the vertical relief area accumulated on measured fault scarps across the flanks. We assume the actual vertical relief is approximated by a triangle whose altitude is equal to the scarp height and whose base is equal to the scarp length (Figures 4b and 4c ). The vertical area of the scarp used as an example in Figure 4 was also calculated by integration of a 3rd degree polynomial fitted to the scarp height profile (height measured every 1 km). The area beneath the scarp height profile was evaluated at 2.9 km 2 and the vertical relief area calculated using our method is 2.8 km 2 . Based upon this and several other comparisons, we consider our approximation technique to be reasonably accurate.
[18] We chose to analyze the interpreted scarps in 1 Myr intervals. Although this limits detection of temporal variations to 1 Myr or greater, smaller intervals would not contain significant numbers of major scarps. Where scarps extend across the boundary of a 1 Myr interval, they are assigned to the interval that contains the longest portion of the scarp length. Using the observed isochrons and rotation poles of Sloan and Patriat [1992] , we calculated the apparent spreading rate for each observed isochron point during the time interval between consecutive pairs of isochrons. The apparent spreading rate is obtained from the angle Figure 5 . Illustration of technique for measuring height and length of (a) multiple strand scarps and (b) branching scarps. For multiple strand scarps, height is taken as the sum of the heights of the strands at the point of greatest relief and the length is that of the longest strand. For branching faults with branches that have heights !100 m and lengths !5 km, branch height and length are measured as separate scarps. of rotation about the stage pole by superimposing a given observed isochron point onto the next older isochron. This angle is found iteratively by minimizing the triple vector product between the rotated isochron point and the two closest points on the next older isochron. The corresponding point of the synthetic 1 Myr isochron is obtained by rotating the observed isochron point a fraction of this angle corresponding to the ratio of time between observed isochron and the intervening 1 Myr isochron. Thus we take into account the changing configuration of the axial geometry, asymmetry of spreading, and variation of spreading rate.
Characterization of the Morphotectonic Fabric
[19] The character of the morphotectonic fabric varies greatly within the study area. On the gridded SeaBeam map ( Figure 1 ) three distinct morphologic provinces are apparent: the axial valley, the ridge mountains, and the flanks. The morphotectonic fabric of the flanks may be further divided into abyssal hills and discordant zones. The following characterization of these provinces is drawn from gridded SeaBeam bathymetry and a series of axis-perpendicular and axis-parallel profiles. From north to south the segments have been labeled Segment AK3, Segment AK4, and Segment AK5 in keeping with the nomenclature of Thibaud et al. [1998] . Seafloor generated by all three segments is included in the structural analysis, but the present-day Segment AK5 is not described here because only the northernmost end of its axial valley is contained within the study area. Three across-axis and two axis-parallel profiles are used to further characterize the morphotectonic fabric of the flanks ( Figure 6 ). Since Segment AK4 was the only segment completely contained within the study area during the last 10 Ma, the across-axis profiles have been extracted from it. The morphotectonic fabric generated by Segment AK4 is characteristic of that generated by adjacent segments. The positions of the across-axis profiles were selected with the intent of characterizing the evolution of relief generated at outside corners, inside corners, and segment centers. Profiles 1 and 3 trace the northern and southern ends respectively of Segment AK4 at a fixed distance from the trace of the discontinuity. Were the profiles to trace flow lines parallel to the spreading direction, they would cross the discordant zones because axial segmentation evolution is independent of both absolute and relative plate motion [Sloan and Patriat, 1992] . Profile 2 traces the center of the segment. The extreme eastern and western ends of Profiles 1, 2, and 3 dip down into the discordant zone or fracture zone generated before the initiation of Segment AK4 at $7 Ma.
The Axial Valley
[20] The axial valley in the SARA zone is typical of slow spreading ridges as described by Macdonald and Luyendyk [1977] , with an inner valley and scarp bound terraces. The valley floor width ranges from 10 to 30 km. Its depth ranges from 2900 m to 4300 m with a mean depth of 3600 m. From south to north the axial valley is offset 4.3 km, 7.1 km, and 2.8 km by non-transform discontinuities. All but one of the segment ends have terminal basins that are broad at the distal end and taper toward the segment center. The discontinuities are not large enough to completely offset the axial valley. The segments are separated by saddles that trend N088°E to N099°E and rise more than 1000 m above the terminal basins, but are not as shallow as the ridge mountains. The axial discontinuities have migrated in such a way that the segment furthest south, only partially contained within the study area, generated approximately 30% of the seafloor surveyed. The Segment AK2 migrated into the northern edge of the study area at 7.01 Ma, but it generated only a relatively small part of the surveyed seafloor and is therefore not taken into consideration.
[21] Segment AK3 extends from 28°42 0 N to 28°51 0 N, is 35 km long, and has the appearance of a box-shaped basin. The width of the valley is essentially constant along its entire length and the depth of the valley floor increases south to north from 3400 m to 4300 m. There are relatively few scarps on the valley floor. The western wall of the valley consists of a single large scarp that may have developed by linking of two or more major faults. While the northern ends of the scarps forming the valley wall curve or step toward the adjacent segment as typically observed for other segments , the southern ends do not. The trend of the discordant zones on the flanks and the isochrons derived from the magnetic anomalies, indicate rapid growth of Segment AK4 at the expense of Segment AK3 during the last 2 My. Segment AK4 almost doubled in length during this period.
[22] Segment AK4 extends from 28°10 0 N to 28°42 0 N, is 63 km long, and has an hourglass shape typical of second order segments: the central portion of this segment is comparatively shallow and narrow and the segment ends are wider and deeper . Near the center of Segment AK4, the faults of the valley walls are linear with throws of 300 m to 400 m. The orientation of scarps near the segment center, N011°E, is parallel to the trend of the axis and perpendicular to the N101°E spreading direction. Toward the segment ends the scarps of the valley walls reach heights of up to 1200 m. The faults that compose these scarps step away from the axis in an en echelon fashion and their termini tend to curve toward the adjacent segment.
[23] Along the valley floor of both Segments AK3 and AK4 lie discontinuous overlapping volcanic ridges and occasional flat-topped circular volcanoes also observed in side-scan images in this area by Briais et al. [2000] . These ridges are interpreted as the neovolcanic zone, an interpretation confirmed by the coincident location of the axial magnetic anomaly [Sloan and Patriat, 1992] . 
The Ridge Mountains
[24] The ridge mountains form two bands of rugged terrain on either side of the axial valley. They shallow to 1600 m, standing 300 m to 2700 m above the valley floor at segment centers and segment ends, respectively. The amplitude of the relief within the ridge mountains is less than that found on the scarps of the axial valley walls or at major scarps on the flanks. The shallowest zones occur 5 km to 10 km from the axial valley wall, near inside corners of non-transform discontinuities. Equally characteristic deeper and lower relief is apparent at outside corners. Near inside corners of axial offsets, some of the major faults scarps of the valley walls curve continuously away from the axis to an axis-perpendicular trend. Some of these scarps link to other scarps in older lithosphere to form branching fault systems that define the edges of abyssal hills within the ridge mountains and on the flanks.
The Flanks
[25] The flanks are characterized by a series of elongate abyssal hills aligned sub-parallel to the axis. Deeper, narrower discordant zones, striking at high angles to the axis, cut across the fabric of abyssal hills separating them into bands. In a first order comparison of the relief of the axial valley floor and that of the valley walls to the topography of the ridge flanks, it is evident that the rugged relief of the flanks bears a greater resemblance to the tectonically derived axial valley walls than the low largely volcanic relief of the valley floor.
Abyssal Hills
[26] Profiles 1, 2, and 3 reveal the cross-sectional form and repetitive pattern alternating shallow and deep bathymetry of the abyssal hills ( Figure 6 ). The abyssal hills are bound by major (up to 1200 m) inward facing scarps and smaller (up to 900 m) outward facing scarps. Each abyssal hill may encompass several smaller fault scarps or fault scarp systems. Profiles 1, 2, and 3 exhibit three distinct types of relief associated with lithosphere generated at an inside corner, an outside corner, or the segment center. Abyssal hills generated at inside corners at the north end of Segment AK4 (east flank) have amplitudes of 600 m to 1400 m. Those generated at the southern inside corner (west flank) have amplitudes 600 m to 1100 m. Outside corner abyssal hills generated at the northern end of Segment AK4 have amplitudes of 500 m to 1000 m and those generated at the southern end (west flank) have amplitudes of 500 m to 900 m. Inside corner relief is greater than outside corner relief at both ends of the segment, however, both inside and outside corner generated relief is greater at the northern end of the segment than at the southern end. The segment center profile show intermediate relief and amplitude. The intermediate relief of the segment center, Profile 2, was chosen to quantify typical depth variations in the direction perpendicular to the ridge (Table 1) .
[27] Profiles 4 and 5 (Figure 6 ), plotted at the same distance from the axis on either flank, show an 2003GC000584 along-strike depth variation pattern that reverses from flank to flank. Profiles 4 and 5 were chosen to illustrate abyssal hill morphology in the axis-parallel direction and are aligned with the 3 Ma isochron. The depth minima correspond to the inside corner high and the adjacent depth maxima to the discordant zones. The inside corner highs are bound on one side by scarps 800 m to 1500 m high that descend steeply down into the discordant zone. These scarps trend highly oblique to the spreading axis. Aside from discordant zones, structures striking perpendicular to the ridge are rare.
Geochemistry Geophysics
[28] The width of the abyssal hills varies from 15 km to 26 km, averaging approximately 20 km and their length varies from 26 to 45 km (Table 1) . Coeval abyssal hills vary in width from one flank to the other. The tops of the abyssal hills slope approximately 4°away from the axis. Along the axis-parallel profile the top surfaces of abyssal hill surface slopes down from the inside corner high at angles ranging from 1.5°to 5.1°. The abyssal hills in Profiles 4 and 5 were generated at roughly the same time. Although coeval, the lengths of conjugate abyssal hill formed at Segment AK3 are 26 km long on the west flank and 33 km long on the east flank. Conjugate abyssal hills formed at Segment AK4 are 45 km long on the west flank and 30 km long on the east flank.
[29] Figure 7 shows a detailed map view of an abyssal hill on the east flank with the interpreted scarps superimposed. The northern end of the abyssal hill has greater relief and scarp heights than the southern end as is consistent with insideoutside corner topography. The major inward facing axis-parallel scarps that form the inner side of the abyssal hill increase in height toward the north where they join the obliquely trending major scarps that form the north end of the abyssal hill. The axis-perpendicular steep scarps that form the edge of the inside corner high attain heights of over 1000 m. Distinct branching systems of fault scarps are typical of most abyssal hills within the study area. Major outward facing scarps form the outer side of the abyssal hill. Both major and minor scarps exhibit gradual reduction of relief toward the south as the terrain slopes down toward the discordant zone. Southern termini of some scarps occur on the abyssal hill; others dive beneath ponds of sediment that fill the discordant zones.
Discordant Zones
[30] The discordant zones cut across the ridgeparallel fabric of the flanks at high angles separating bands of abyssal hills. Their appearance is that of a series of aligned, concatenated basins. They are deep and filled with up to 400 m of sediment that inhibits direct comparison of their morphotectonic character (Figure 8 ). Owing to sediment accumulation, they display comparatively smooth bathymetry and a small number of scarps. The edges of the discordant zones have two distinct configurations. On the east flank the northern edges exhibit an irregular stair-step pattern and the southern edges a crenellated configuration (Figure 8 ). The inverse pattern is observed on the western flank (Figure 1 ). This contrast between the edges of the discordant zones is present throughout the study area.
[31] The discordant zones vary in character from one flank to the other. On the western flank the discordant zones are wider and their limits appear diffuse. The ponds of sediment are elongate and broad at the northern edge and tapered at the southern edge and their long axis is parallel to It should be noted that slopes presented in Table 1 the ridge rather than the trend of the discordant zone. On the eastern flank the discordant zones are narrower and the ponds of sediment within them are sub-circular.
Structural Analysis
[32] The distribution of 255 scarps, their orientation, facing direction, height, and length were measured from a structural interpretation of the gridded bathymetry map (Figure 9 ). They are for the most part major scarps, measuring tens of kilometers long and several hundred meters high, and representative of the overall morphotectonic character of the zone. In order to interpret the morphotectonic fabric as a function of age and distance from the axis, the gridded SeaBeam map was divided into 1 Myr intervals using the isochron map and stage poles of Sloan and Patriat [1992] (Figure 9 ). The calculation used to interpolate the isochrons takes into account spreading asymmetry and variations in axial geometry. Scarp measurements are grouped and presented by 1 Myr interval. The first interval corresponds roughly to the axial valley floor and walls, the second and part of the third to the ridge mountains. The remaining intervals extend across the flanks to an age of 10 Ma.
Scarp Distribution and Facing Direction
[33] The number of major scarps to the east of the axis is 120 and 135 to the west of the axis. The highest concentration of scarps (34) occurs in the [34] The percentage of inward and outward facing scarps over the entire zone is 60% and 34% respectively. Transverse scarps with measured orientations of !N045°E account for the remaining 6%. In addition, 10 inward or outward facing scarps have termini that curve to become transverse for a significant part of their length. All of the major scarps face inward within the axial valley and the axial valley walls (Figure 10a ). Major outward facing and transverse scarps first appear within the ridge mountains. Outward facing scarps account for 32% and transverse scarps account for 7% of the total scarps measured in the 1-2 Ma interval. In the 2-3 Ma interval 27% of scarps face outward and 5% are transverse. From 3 to 10 Ma the relative values of inward and outward facing fault scarps per interval vary periodically and inversely every $2 Myr (Figure 10a ). The number of transverse fault scarps is too small for a pattern to be evident.
Scarp Height, Length, and Vertical Relief
[35] The effects of scarp retreat and accumulation of sediment and talus at the base of a scarp might logically be expected to become more pronounced with age/distance from the axis such that mean scarp height gradually decreases. Instead of decreasing steadily, mean scarp height, greatest at the valley walls, decreases from 1 to 2 Ma and from 2 Ma onward remains fairly constant fluctuating between $400 m and $300 m to 10 Ma (Figure 10b ). Mean scarp length is 19 km at the axial valley walls and remains fairly constant, fluctuating between 13 km and 20 km (Figure 10c ).
[36] Scarp height and length are used to calculate an approximation of fault-generated vertical relief accumulated within each 1 Myr interval. By comparing relief accumulated on inward facing scarps with that accumulated on outward facing scarps, we obtain an estimate of the residual relief of the morphotectonic fabric (Figure 10d ). Negative values for the residual relief indicate that contributions to relief by outward facing scarps outweigh that of inward facing scarps. The greatest residual relief occurs within the 0-1 Ma interval during which time the inward facing scarps of the axial valley floor and walls are the sole contributors. During the 1-2 Ma interval the residual relief decreases sharply to approximately a third of the 0-1 Ma interval, indicating that relief generated by outward facing faults is significant by 2 Ma. From 2 to10 Ma the residual relief fluctuates between À7 km 2 and 42 km 2 varying with a periodicity of 2 Myr. [37] Comparison of the residual relief for each segment with that of the full study area is shown in Figure 11 . Residual relief for Segment AK3 corresponds closely to that for the full study area. Segment AK4 residual relief varies from the full study area during the 2-3 Ma interval, but still displays a 2 Myr periodicity in phase with the that of the full study area. Residual relief of Segment AK5 shows the least correspondence with that for the full study area.
Segment AK5 abyssal hill residual relief varies non-monotonically, but its periodicity cannot be determined given the extent of data coverage. In addition, its periodicity may be out of phase with that of the full study area.
Interpretation
[38] The frequency or spacing of fault scarps and their characteristic height and length variation may flanks corresponds to the spacing of major inward and outward facing faults that define the abyssal hills.
[39] Figure 12 illustrates our interpretation of abyssal hill formation in a time series of across-axis profiles. On the valley floor, fissures and minor normal faults cut the low ($300 m) hummocky mounds of pillow lavas punctuated by circular flattopped volcanoes (up to several hundreds of meters high). Under-plating, episodic injections of magma, and eruptions of lava gradually thicken newly accreted lithosphere as continuous extension moves it from the axial zone. On the valley floor faults grow by lengthening along-axis and linking with other fault termini. Slip on some of the faults formed near the axis continues to accumulate as they lengthen, focusing strain on a limited number of slip planes. Strain accumulation may be enhanced by serpentinization along slip planes. Thicker lithosphere at the segment ends results in larger throw, more widely spaced faults in contrast to the segment center.
[40] At the edges of the valley floor major faults rapidly accumulate large amounts of throw, forming the valley walls and lifting blocks of lithosphere between major faults into the ridge mountains. In addition to linking with other faults through growth along-axis, faults near the segment ends lengthen by curving away from the axis to intersect older, usually larger faults, particularly near the inside corners of axial discontinuities. The height of the valley walls is greater at inside corners (up to 2 km) of axial discontinuities than at outside corners (up to 1.2 km). The pattern of fault scarps observed within individual abyssal hills are probably first formed within 0-1 Ma. As the valley walls form, normal faults trending perpendicular to axis at the segment ends are initiated or reactivated, decoupling lithosphere generated at one segment from that generated at the next and accommodating uplift, particularly at inside corners.
[41] Nowhere within the study area is the number of fault scarps or fault scarp heights as great as at the valley walls. Some reduction of axial valley wall fault scarp height must occur within the ridge mountains. This may be attributed to mass wasting at the scarp tops and deposition at their foot. Alternatively, as successive blocks of lithosphere are lifted into the ridge mountains along the faults of the valley walls, slip may be reversed on older faults reducing their throw. If erosion were responsible for reduction of axial valley wall scarp height, scarp height should continue to decrease with distance from the axis. Instead, scarp heights remain fairly constant.
[42] Within the ridge mountains ($0.5-2 Ma), lithosphere enters a transitions zone from dynamically supported regime to isostatic regime. Minor outward facing faults begin to form as the lithosphere begins to subside in isostatic response to cooling and thickening. The increasing strength and rigidity of the lithosphere with age and distance from the axis may allow an accumulation of elevated ridge mountain terrain to an age of $2.5-3 Ma. When extensional and isostatic stress on the accumulated lithosphere become greater than its strength, major fault scarps form or are reactivated near the outer edge of the ridge mountains, separating a new abyssal hill and stepping the outer edge of the ridge mountains back toward the axis. Formation or reactivation of the inward and outward facing faults that create separations between abyssal hills every $2 Myr may be a response to cyclic variation in magmatic activity and thermal conditions beneath the ridge. As magma supply wanes and the width of the dynamic regime decreases, tectonic extension of the lithosphere increases and at the same time the transition zone between thermal and isostatic regimes shifts toward the axis. This process may be viewed as somewhat similar to the advance of a glacier into open sea. As the ice moves from the support of solid rock to that of seawater, it must find new isostatic equilibrium. Its rigid strength maintains its connection to the glacier for some time, but eventually it breaks off under its own weight. The comparison of abyssal hill formation to iceberg calving may not be an appropriate analogue since the rheology, thickness/width ratio, and timescale are different, but as an illustration it provides an intuitive understanding of the proposed mechanism. In this transition zone from dynamic regime to isostatic regime abyssal hills are calved off the ridge mountains periodically, roughly every 2 Myr, by formation or reactivation of inward and/or outward facing faults. Faulting that generates abyssal hill relief may occur only within the brittle upper most part of the lithosphere to accommodate stress or flexure at depth.
[43] The location of new abyssal hill formation may be largely dependent on heterogeneities in the composition and structure of the lithosphere as well as its strain history. Because all of these factors vary from one segment to another and from one flank to the other, new abyssal hills do not Figure 12 . Series of profile illustrating interpreted sequence of abyssal hill formation. The central portion of Profile 2, Figure 6b , spanning the seafloor generated at the center of Segment AK4, is used as the starting point t 0 . Each successive 1 Myr step shows our interpretation of generation of new lithosphere in the axial valley, uplift into the ridge mountains and separation of abyssal hills from the ridge mountains by the formation of major outward facing faults at 2 -3 Ma. The depth-age curve of Parson and Sclater [1977] is superimposed in gray on bottom profile, t 0 + 4 Myr. The shaded bar at the bottom of the figure shows the proposed extent of the dynamic thermal regime centered on the axis, the transition zone in the ridge mountains, and the isostatic regime of the flanks. necessarily form at the same distance from the axis or at the same time on adjacent segments or on opposite flanks. Profile 2 in Figure 6 displays bathymetry on the east flank that may be indicative of ongoing abyssal hill formation. The shortdashed line indicates the new location at which the next abyssal hill may form creating a new outer limit of the ridge mountains.
7. Discussion
Ridge Topography and the Generation of Morphotectonic Fabric
[44] The topography of the axial valley, ridge mountains and flanks and the distribution and characteristics of fault scarps support the notion of fault controlled generation of the morphotectonic fabric during the last 10 Ma within the study area and is consistent with a steady state, dynamically supported axial valley and ridge mountains. The axial valley and ridge mountains are predominant features along the entire length of the KaneAtlantis super-segment and most of the MAR. If they were not essentially steady state features, one would expect to see some significant variation somewhere along its length or in the morphotectonic fabric of the flanks that could not be explained by local thermal anomalies. Although there may be some temporal variation at the segment scale in magmatic and tectonic processes, a constant pattern of abyssal hills and discordant zones has been produced along much of the MAR over the last 10 Ma and longer. This supports the notion that axial valley, ridge mountain, and abyssal hill morphology represent sequential phases of development of seafloor morphotectonic fabric. While it is possible that the current axial valley topography may be a temporal feature, it seems more probable that given the regional spreading rate and thermal regime, the axial valley has been present at least during the last few tens of millions of years as the morphotectonic fabric of the flanks was formed.
[45] Two other types of axial valley, ridge mountain, and/or flanks morphologies have been observed at nearby segments on the MAR: megamullions associated with large low angle detachment faults that define an asymmetric axial valley at various locations from 21°to 30°N [Tucholke et al., 1998 ] and a very shallow axial valley at 21°N ]. Both of these morphologies present marked contrast to the deep, v-shaped axial valley that occurs in the SARA area and at most other locations along the slow-spreading ridges and may be interpreted as end-member expressions of tectono-magmatic cyclicity. Megamullions are large domes at inside corners characterized by corrugated surfaces and formed by $1-2 Myr of accumulated slip along low angle detachment faults during amagmatic phases of cyclic magmatic activity [Tucholke et al., 1998 ]. Tucholke et al. [1998] propose that abyssal hills form by rafting off-axis of klippe at inside corners and by formation of smaller listric faults in the detachment surface at inside corners. No mega-mullions or other features suggestive of low-angle detachment faults at high inside corners have been mapped in the study area [Sloan, 1993; Tucholke et al., 1998] and this model does not account for the large-throw outward facing fault scarps mapped here. It therefore seems unlikely that the mechanism for abyssal hill formation proposed by Tucholke et al. [1998] is viable in the SARA area. Maia and Gente [1998] interpreted the very shallow axial valley mapped at a segment south of the Kane transform as the result of robust magmatic activity. It has been suggested that shallow axial valleys are a stage in abyssal hill construction and that abyssal hills here are volcanic constructions rather than tectonically controlled [e.g., Kong et al., 1988; Pockalny et al., 1988; Mendel et al., 2003] . This model predicts crustal thickness variation with the same frequency as abyssal hill bathymetry, inward facing fault scarps with the same height as the axial valley walls, and very few outward facing faults none of which is consistent with observation in the SARA area. In addition, there are relatively few segments with such shallow axial valleys. It seems likely that this particular morphology represents a punctual hypermagmatic event, which may explain why occasionally abyssal hills have the appearance of volcanic constructions.
[46] The prevalence along slow-spreading ridges of axial valley, ridge mountain, and abyssal hill mor- phology typical of the SARA area suggest that the model presented here is applicable globally. However, contrasting observations have occasionally been made at the other survey areas described. If we accept that these varying morphologies represent points along a continuum from very low magmatic activity (mega-mullions), to high magmatic activity (very shallow axial valleys) while the morphology of the SARA area represents moderate magmatic activity, we are provided with an explanation for the variety of axial valley and abyssal hills morphology. Each of these points along the continuum probably experiences both tectono-magmatic cyclicity on a timescale of a few million years and variation in magmatic production over 10s of millions of years or longer. Moreover, regardless of the degree of magmatic activity for any given area, the lithosphere formed there must pass through the transition from the dynamic regime near the axis to the isostatic regime of the flanks. The distance of this transition from the axis and thus the mean location of abyssal hill formation may vary with degree of magmatic activity.
[47] Interpretations of tectono-magmatic cycle duration based upon crustal thickness differ systematically from those based upon structural analyses and morphology. The calculated crustal thickness map presented by Rommevaux et al. [1994] shows crustal thickness variation frequency of $3-4 Myr in the study area which is consistent with the findings of Bonatti et al. [2003] based on gravity and geochemical data for the MAR as a whole. Variation in crustal thickness is not coherent with the frequency and wavelength of relief of the morphotectonic fabric or the frequency of abyssal hill formation which has been found to be $2 Myr [e.g., Lin et al., 1990; Tucholke and Lin, 1994; Tucholke et al., 1998; this study] . If crustal thickness may be used as a gage for thermal conditions and magma supply at the axis, it would appear that fluctuation in magmatic activity has had little effect on the wavelength of the morphotectonic fabric as has been noted by several investigators [e.g., Maia and Gente, 1998; Fialko, 2001] . Further investigation into the relationship between crustal thickness and the wavelength of the morphotectonic fabric appears to be needed.
[48] The height of the axial valley walls within the study area is as great as 2 km with individual scarps reaching heights of 1200 m. Average scarp heights within the ridge mountains and abyssal hills tend to be much lower, $300 to 400 m. Several mechanisms have been suggested for reducing or eliminating axial valley relief including outward facing faults [Tapponnier and Francheteau, 1978] and outward facing faults accompanied by block tilting [Macdonald and Luyendyk, 1977] . Shaw and Lin [1993] ruled out outward facing fault formation in the ridge mountains as a major contributor to reducing the relief of the axial valley walls, but their data coverage includes only part of the ridge mountains. Our data show that reduction of scarp height occurs chiefly on inward facing scarps. It has been suggested that the relief of the axial valley is reduced by reverse slip on valley wall scarps [Macdonald and Atwater, 1978] and that serpentinization may accommodate fault slip [Escartín et al., 1997] . It may be that relief is reduced by reverse slip on valley wall scarps as successive packets of lithosphere are lifted into the ridge mountains. Alternatively, the reduction in height may be due to block rotation or erosion of the top of fault scarps and accumulation of talus at their base neither of which can be distinguished in SeaBeam data. Since continued reduction of average fault scarp height with age does not seem to occur on the flanks, scarp height reduction solely to erosion is probably not responsible.
[49] Since various gravity and numeric models suggest that the valley and ridge mountains are uncompensated, they must be dynamically supported probably by a combination of thermal and extensional stress [e.g., Phipps Morgan et al., 1987; Blackman and Forsyth, 1991; Neumann and Forsyth, 1993] . The slopes of the flanks, on the other hand, have long been believed to be subsiding in isostatic equilibrium as they age, cool, and thicken [Parsons and Sclater, 1977] . As it moves away from the axis, the lithosphere must transition from the dynamically supported regime near the axis to the isostatic compensated regime of the flanks. Lin and Parmentier [1989] suggested this occurs within 10 to 15 km of the axis and proposed a corresponding change in plate behavior from plastic deformation by normal faulting to elastic deformation by flexure. Our analysis indicates that scarps, presumably normal faults, continue to form until at least 2 Ma and probably until 3 Ma suggesting that this transition takes place within the ridge mountains. It is possible that faults that form within the ridge mountains and as the lithosphere transitions from the dynamic regime close to the axis to the isostatic regime of the flanks may be contained within the upper layers of the lithosphere while the lower lithosphere deforms by flexure or diffuse shear [e.g., Thatcher and Hill, 1995] .
[50] The high percentage of outward facing faults found in the study area is not generally thought to occur at slow-spreading ridges [e.g., Fialko, 2001] . We suggest that far from being anomalous, outward facing faults are typical. Most notions of the relative numbers of inward and outward facing faults are based upon surveys that have focused on the axial valley and the inner ridge mountains. The current study indicates that outward facing faults only begin to form in the ridge mountains and to not reach maximum numbers until at least 2 Ma or $25-30 km off-axis (Figure 10a ). Examination of the combined Hydrosweep and SeaBeam bathymetry map extending from the axis to 29 Ma just south of the study area [Tucholke et al., 1997] show comparable numbers of outward facing fault scarps. Fialko [2001] suggested off-axis formation of outward facing faults at fast spreading ridges in response to extension in the brittle strata overlying propagating sills generated by hydrostatic magma pressure. His model predicts that conditions consistent with outward facing fault formation exist at distances from the axis of up to two times the depth of sill emplacement. However, extensive off-axis propagation of sills has not been suggested for slow-spreading ridges since presumed thermal conditions and magma supply would probably not support them.
Limits of Deformation and Definition of the Ridge Mountains
[51] From 0 to 1 Ma the number of scarps increases dramatically as the axial valley walls form. From 1 to 2 Ma major outward facing and transverse scarps appear for the first time. By 3 Ma the relative numbers of inward and outward facing scarps and the residual relief begin to oscillate in a pattern that is characteristic of the flanks to at least 10 Ma. Variation of the numbers of scarps, facing direction, height, length, and residual relief with increasing age may indicate active tectonic deformation of the lithosphere to an age of at least 2 Ma. As mentioned above, scarps that form during the later stages of development of the morphotectonic fabric may occur only in the brittle upper layers of the lithosphere to accommodate flexure of the increasingly thick, rigid plate as it passes out of the dynamically supported regime near the axis and begins to subside. They are, however, indicators that deformation is probably taking place within the plate to an age of at least 2 Ma ($25-30 km off-axis). This estimate for the extent of tectonic deformation is consistent with a study based on fault populations and morphology [Escartín et al., 1999] , but slightly larger than the $20 km (1.5-2 Ma) estimate based upon seismic studies [Smith et al., 2003] . It may be worth noting that Segments AK4 and AK5 were among the most seismically active of those surveyed by Smith et al. [2003] between 15°and 35°N on the MAR.
[52] Further evidence of continuing deformation to an age of 2-3 Ma may be interpreted from gravity data collected in the study area. At $2-2.5 Ma there is an increase in Mantle Bouguer Anomaly (MBA) gradient that corresponds to the edge of the MBA bull's eye [Rommevaux et al., 1994] . This MBA ''bull's eye'' typically occurs over the center of axial segments and has been interpreted as indicative of focused mantle upwelling and the formation of relatively thicker crustal component of the lithosphere [Kuo and Forsyth, 1988; Rommevaux et al., 1994] . At $3 Ma the center of the residual MBA shifts $10 km from the segment center toward the inside corner end of the abyssal hills [see Plate 2b, Rommevaux et al., 1994] . This shift has been interpreted as a reorganization of the structure of the lithosphere related to tectonic uplift and crustal thinning associated with the development of inside corner highs [Rommevaux et al., 1994; Maia and Gente, 1998; Escartín et al., 1999] . It may also be considered as further evidence of continued deformation of the lithosphere to an age of at least 3 Ma.
[53] This 2-3 Ma threshold at the outer edge of the ridge mountains is interpreted as the age limit of deformation. We suggest that the morphotectonic fabric at slow-spreading ridges continues to evolve within some limit beyond the axial valley. This limit may vary with spreading rate, thermal regime, and/ or axial geometry. The extent of that limit may be related to the lateral extent of the dynamic, thermally supported regime along a given length of the MOR.
[54] Heezen et al. [1959] first described the outer boundaries of the ridge mountains as the point at which the slope of the topography flattens out markedly. They estimated this point to be at a distance of 50 to 90 km from the axis based on a number of widely spaced depth profiles of the MidAtlantic Ridge. Later higher-resolution surveys tended to focus on the axial valley rather than the ridge flanks and the accepted labels attached to features by pioneering investigators remained unchanged. Our interpretation indicates that the outer limit of the ridge mountains is a mobile one, moving away from the axis as lithosphere accumulates and then jumping toward the axis to the location of the newly formed outward facing fault that detaches the new abyssal hill. Major outward facing fault scarps that border the ridge mountains appear at 1.4-2 Ma and then gradually move away until the end of the next $2 Myr cycle of abyssal hill formation. Further support for this interpretation may be drawn from the periodic variation of the residual relief. The residual relief is an indicator of the relative contribution of inward and outward facing faults to the relief of the morphotectonic fabric. Since inward facing faults are formed on the valley walls at intervals of less than 1 Myr, the 2 Myr periodicity of the residual relief that starts at 3 Ma and continues across the flanks indicates that formation of major outward facing faults occur approximately every 2 Myr.
Abyssal Hill Structure
[55] Based upon interpretation of deep-towed sidescan sonar data directly to the north of the SARA area, Searle et al. [1998] noted that faults on the valley walls grow by along-axis linkage and at inside corners they curve to intersect older faults creating axis-normal/axis-parallel fault systems. This is consistent with our interpretation of structures mapped at inside corners and within the abyssal hills on the flanks. Searle et al. [1998] concluded that major faults bounding inside corner highs occur on the axial valley walls at intervals of $0.8-0.9 Myr. With a frequency of major fault formation every 0.8 to 0.9 Myr and cyclic formation of abyssal hills every 2 Myr as our interpretation suggests, abyssal hills should exhibit 2 or 3 major fault scarps while the ridge mountains should contain 3 to 5 major fault scarps. Profiles 1, 2, and 3 show that this is the case (Figure 6 ). The occurrence of major faults along the valley walls at intervals slightly less than one half the periodicity of abyssal hill relief as proposed by Searle et al. [1998] supports the suggestion that abyssal hills form within the ridge mountains rather than at the axial valley.
Position of Axial Discontinuity Within Discordant Zones
[56] The discordant zones have drawn little attention compared to the axial valley or abyssal hills. It has been noted that two arms of a discordant zone extending from an axial discontinuity across opposite flanks do not align [Sloan, 1993] . Within the ridge mountains their structure is difficult to determine and perhaps not yet well established. On the flanks the relatively greater depth of the discordant zones and the fact that they are juxtaposed with the high relief of the inside corner topography has made them catchment areas for mass wasted sediment. In spite of masking sediment the stair-step and crenulated configurations of their opposing edges are important indicators of discordant zone structure.
[57] Implicit within formation of high inside corners is development of large throw axis-perpendicular normal faults that decouple the inside corner from the adjacent segment and accommodate uplift into the ridge mountains. Many faults extend from ruptures at depth to reach the surface at later stages of their development. It is possible that the axis-perpendicular faults are throughgoing at depth at axial discontinuities [e.g., Maia and Gente, 1998 ] though there is little seismic data to support this, perhaps because thermal conditions near the axis make for aseismic faulting at depth. Uplift of inside corner highs is accomplished by slip on major faults of the axial valley walls. Since the spacing of these major faults indicates that they occur at intervals it can be assumed that uplift of inside corners also occurs at intervals. Each time uplift occurs, axis-perpendicular faults are formed or reactivated to accommodate it, creating the transverse part of the stair-step pattern along the inside corner edge of the discordant zone. As the segment advances or retreats the position of each successive inside corner high will step toward or away from the adjacent segment creating the axis-parallel part of the stair-step pattern. Thus the foot of stair-step patterned walls of the discordant zones defines the boundary between segments on the flanks. The crenulated pattern along the opposing edge of the discordant zone probably results from the lapping of sediment onto the lower relief of outside corner bathymetry composed of inward and outward facing fault scarps. Comparison of the two contrasting patterns confirms that fault scarps tend to be lower and more closely spaced at inside corners than at outside corners.
[58] The difference in width of the discordant zones at the southern end of Segment AK4 recalls the different widths of pseudo-faults found on opposite sides of prorogating rifts [Hey, 1977] . The southern end of Segment AK4 has been advancing since 8 Ma and the associated discordant zones are wider on the west than flank than the east flank.
Conclusions
[59] We draw the following conclusions about the development of the morphotectonic fabric of the ridge flanks within the SARA area based upon an analysis of multibeam sonar data within the temporal framework of 1 Myr isochrons.
[60] Fault scarps account for the major relief of the morphotectonic fabric within the study area.
Major inward facing faults account for the relief of the axial valley floor and walls ($0-1 Ma). Major outward facing and transverse faults first appear in the ridge mountains ($1 -2 Ma). Rather than steadily decreasing with age due to erosion and sediment deposition, average fault scarp height and length remain fairly constant from 2 to 10 Ma. The residual relief of the flanks which is indicative of the relative contributions of inward and outward facing faults to the morphotectonic fabric fluctuates with a periodicity of $2 Myr, corresponding approximately to the periodicity of abyssal hills.
[61] The pattern, density, and distribution of fault scarps within the axial valley and ridge mountains are consistent with the pattern of morphotectonic fabric which might be generated by the passage of newly accreted lithosphere from the steady state, dynamically supported regime centered on the axial valley to the isostatic regime of the flanks. Abyssal hills within the study area appear to form at the outer edge of the ridge mountains with a periodicity of $2 Myr. As each new abyssal hill forms, the outer limit of the ridge mountains shifts dramatically closer to the axis then is slowly rafted away by plate motion. The age and distance of the limit of deformation may vary with spreading rate and thermal regime, as does axial valley topography. Within the study areas deformation continues at least to an age of 2 Ma (25-30 km from the axis) and probably to an age of 3 Ma.
[62] Most of the abyssal hills within the study area display distinctive branching patterns of fault scarps. Conjugate abyssal hills on opposing flanks tend to have different lengths. Conjugate discordant zones on opposing flanks appear to vary from each other in width and configuration. The stair-step pattern walls of discordant zones mark the boundary on the flanks between adjacent segments on the flanks. We suggest that these findings may be generalized to other slowspreading ridges.
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